Edited by Lawrence H. Einhorn, Indiana University, Indianapolis, IN, and approved December 7, 2009 (received for review October 8, 2009) Pancreatic cancer is one of the most lethal malignancies. To discover functionally relevant modulators of pancreatic neoplasia, we performed activity-based proteomic profiling on primary human ductal adenocarcinomas. Here, we identify retinoblastoma-binding protein 9 (RBBP9) as a tumor-associated serine hydrolase that displays elevated activity in pancreatic carcinomas. Whereas RBBP9 is expressed in normal and malignant tissues at similar levels, its elevated activity in tumor cells promotes anchorage-independent growth in vitro as well as pancreatic carcinogenesis in vivo. At the molecular level, RBBP9 activity overcomes TGF-β-mediated antiproliferative signaling by reducing Smad2/3 phosphorylation, a previously unknown role for a serine hydrolase in cancer biology. Conversely, loss of endogenous RBBP9 or expression of mutationally inactive RBBP9 leads to elevated Smad2/3 phosphorylation, implicating this serine hydrolase as an essential suppressor of TGF-β signaling. Finally, RBBP9-mediated suppression of TGF-β signaling is required for E-cadherin expression as loss of the serine hydrolase activity leads to a reduction in E-cadherin levels and a concomitant decrease in the integrity of tumor cell-cell junctions. These data not only define a previously uncharacterized serine hydrolase activity associated with epithelial neoplasia, but also demonstrate the potential benefit of functional proteomics in the identification of new therapeutic targets.
functional proteomics | activity profiling | pancreatic cancer TGF-β signaling S erine hydrolases are central effectors of the proliferative, invasive, and migratory properties of tumors, with roles in growth factor activation, extracellular matrix degradation, and angiogenesis (1) (2) (3) (4) . Serine hydrolase transcript and protein levels are elevated in many cancer cell lines and primary tumors, but the functional relevance of these changes remains unknown (3, 5) . Classical genomic and proteomic methods are of limited value for the functional characterization of the serine hydrolases because their activities can be tightly regulated by posttranslational modifications such as glycosylation and phosphorylation (2, 3) .
Activity-based proteomic profiling (ABPP) is a chemical biology platform that simultaneously determines the functional state of multiple enzymatic activities directly in complex samples such as tumor specimens (3, 5, 6) . Bifunctional active site-directed probes allow derivatization of the tumor-associated enzymes: One end of the probe contains a reactive group [e.g., a fluorophosphonate (FP) group will covalently bind the active site of serine hydrolases] and the other end carries a biotin moiety to permit avidin enrichment and molecular identification by a mass-spectrometry (MS)-based method such as Multidimensional Protein Identification Technology (MudPIT) (5, 7) . ABPP probes selectively label active enzymes but not their inactive counterparts, allowing characterization of changes in enzyme activities that occur without corresponding alterations in transcript or protein abundance. Importantly, this approach enables rapid detection of tumor-associated enzymatic activities without prior characterization of the malignant proteome; i.e., ABPP can detect changes in the activity of an enzyme that was not previously known to have that activity. Recent studies have demonstrated that serine hydrolase ABPP permits the classification of human cancer lines into functional subtypes on the basis of tissue of origin and state of invasiveness (3) . Moreover, this approach has identified tumor-associated activities with roles in cell invasion, migration, and intravasation (1, 3, 4) .
In this study, we performed activity-based proteomic analysis of primary pancreatic ductal adenocarcinoma specimens from patients with the disease and identified retinoblastoma-binding protein 9 (RBBP9) as a previously uncharacterized tumor-associated serine hydrolase activity: an "enzyme" that was first described a decade ago as a retinoblastoma-binding protein with no known enzymatic activity (8) . In addition to its retinoblastoma-binding function, RBBP9 has been implicated in the cellular response to chronic low-dose radiation (9) and has also been identified as a candidate regulator of aging in hematopoietic stem cells (10) . Importantly, from the standpoint of pancreatic cancer, this previously uncharacterized serine hydrolase activity is a purported inhibitor of TGF-β signaling (8) , a pathway that is mutated or deregulated in more than half of all pancreatic neoplasms (11) (12) (13) . Desensitization to the antiproliferative effects of TGF-β may be central to disease progression as Smad4, a key effector of TGF-β antiproliferative signaling, is lost in approximately half of all pancreatic tumors (14) . Here, we provide evidence that RBBP9 activity subverts the antiproliferative function of TGF-β, through its actions on specific modules of the TGF-β signaling pathway, and this in turn can contribute to the development of pancreatic neoplasia without loss of Smad4. These data not only highlight a key role for this serine hydrolase in pancreatic tumorigenesis, but also provide unique insight into the deregulation of TGF-β signaling in malignancy.
Results
To enable the discovery of biologically relevant effector activities in pancreatic cancer, we analyzed patient pancreatectomy specimens (all stage II ductal adenocarcinoma), using activity-based proteomics coupled to MudPIT as a front-end screening platform (Fig.  1A) (5) . In this study, we used a fluorophosphonate probe to interrogate active serine hydrolases in the soluble pancreatic tumor proteome. Surprisingly, we identified RBBP9 (a retinoblastomabinding protein without known enzymatic activity) as a differentially regulated serine hydrolase that displayed elevated activity in 40% (4/10) of pancreatic tumor biopsies (Fig. 1B and Fig. S1A ). By contrast, RBBP9 activity was undetectable in paired adjacent nonneoplastic specimens (0/10) (Fig. S1A ). RBBP9 protein levels were equivalent in paired primary tumor and nonneoplastic specimens (Fig. S1B) . Hence, the observed differences in enzymatic activity would not have been evident using classical microarray or proteomic approaches. Two previously characterized serine hydrolases, seprase/FAP and complement C1r, were the only other enzymes to display similar activity profiles in the resected clinical specimens. Seprase is frequently overexpressed in carcinomaassociated fibroblasts and has reported roles in tumorigenesis, metastasis, extracellular matrix degradation, and chemoresistance (15) (16) (17) (18) , whereas C1r is an established factor in inflammation (19) . As such, either of these enzymes could play key roles in pancreatic cancer. However, for the purposes of this study we focused on RBBP9, not only because of its previously uncharacterized serine hydrolase activity but also for its reported role in TGF-β signaling (8), a key pathway in pancreatic neoplasia (11, 13, 14) .
Pancreatic ductal adenocarcinomas (PDAs), the most common form of pancreatic cancer (20) , are characterized by an extensive desmoplastic response with the result that large tracts of the tumor are typically composed of collagen-rich stroma (21) . Activitybased analysis was performed on whole tumor lysates, meaning that the identified activities may be associated with the stromal and/or tumor subcompartments. To define the distribution of RBBP9 within the tumor microenvironment, we performed immunohistochemical analysis of tumor sections from patients with PDA. RBBP9 was strongly expressed in the neoplastic ductal cells but largely absent from the surrounding stroma, confirming that RBBP9 is enriched in pancreatic carcinoma cells (Fig. 1C) . To determine if RBBP9 is commonly expressed in pancreatic tumor cells, we screened a panel of human and mouse pancreatic carcinoma cell lines by immunoblot analysis. RBBP9 was expressed in all lines, confirming that RBBP9 is expressed in the neoplastic epithelial cells of pancreatic cancers (Fig. S2) .
To investigate the requirement for RBBP9 in pancreatic carcinoma cell function, we generated tumor cell lines with a stable knockdown of RBBP9 as well as paired control lines that express a nonsilencing shRNA (Fig. S3 ). We then assessed the impact of altered RBBP9 levels on anchorage-independent growth, a hallmark of cancer cells. Knockdown of RBBP9 in FG human pancreatic carcinoma cells caused a significant reduction (∼60%) in colony formation in soft agar (Fig. 1D) , supporting a role for RBBP9 in cell transformation (P < 0.005, paired t test, as compared to cells expressing a nonsilencing shRNA).
Next, we sought to determine whether the observed changes in soft agar growth in vitro translated to differences in cell tumorigenicity in vivo. To do so, we used FG pancreatic carcinoma cells, a fast growing clone of Colo-357 cells or FGM cells, a metastatic variant of FG cells. FGM or FG cells with a stable knockdown of RBBP9 or paired control cells that stably express a nonsilencing shRNA were orthotopically injected into the pancreas of 8-week-old nu/nu mice (22) . Different shRNAs were used to knock down RBBP9 in the different cell lines and the lentiviral constructs used to express the shRNAs in FGM cells also encode GFP, which enables imaging of the resulting pancreatic tumors in vivo. After 21 days, the FGM tumors were analyzed by intravital fluorescence imaging and both the FG and the FGM tumors were resected to assess tumor burden and permit further analysis. Stable knockdown of RBBP9 caused a significant reduction (∼75%) in the burden of tumors derived from each cell line, as was evident from both intravital fluorescence imaging ( Fig. 2A , FGM cells) and tumor mass (Fig. 2B , FG cells) (P = 0.0443, n = 8 mice/group, paired t test, as compared to tumors derived from cells expressing a nonsilencing shRNA). These studies support an essential role for RBBP9 in the tumorigenicity of pancreatic carcinoma cells in vivo. To further understand the mechanistic basis of RBBP9-dependent tumorigenesis, we assessed the levels of cellular proliferation and apoptosis by immunofluorescence analysis of sections from the paired orthotopic tumors (RBBP9-sh vs. nonsilencing). Although the numbers of cells undergoing apoptosis were similar between tumors with different levels of RBBP9 (Fig. S4 ), we noticed a significant reduction (∼50%) in the number of Ki67-positive (proliferating) cells in tumors that lack RBBP9 (P < 0.001, paired t test, as compared to tumors with wild-type levels of the enzyme). These data strongly support a role for RBBP9 in tumor cell proliferation ( Fig. 2 C and D) .
Stable knockdown of RBBP9 demonstrated that the protein is required for tumor cell proliferation. However, these experiments did not address whether the observed effects on proliferation were activity dependent or independent. This question is particularly important because the ABPP-based screen demonstrated that RBBP9 activity was elevated in tumor specimens, despite protein levels being unchanged in the nonneoplastic/neoplastic material ( Fig. S1 A and B) . Thus, we investigated whether the serine hydrolase activity of RBBP9 is required for the regulation of tumor cell proliferation. The structure of RBBP9 was recently described (23) , and from the predicted active site as well as primary sequence alignment of RBBP9 orthologs, we identified Ser-75 as the putative nucleophilic residue in a conserved serine hydrolase motif (Fig. 3A,  Upper) . To assess the importance of this residue for RBBP9 activity, we generated GST-tagged derivatives of wild-type RBBP9 or mutant RBBP9-S75A and purified the recombinant proteins. Because the substrate is unknown, we assayed serine hydrolase activity using a rhodamine-labeled FP probe in a gel-based activity assay. In this approach, active serine hydrolases irreversibly bind the FP probe and the conjugated rhodamine moiety enables fluorescent visualization of probe-labeled active enzymes following 1D electrophoresis (2). Purified wild-type RBBP9 serine hydrolase bound the FP probe, indicating an active enzyme, but mutagenesis of the putative nucleophillic serine (S75A) abrogated probe binding, demonstrating that this residue is essential for RBBP9 hydrolase activity (Fig. 3A, Lower) . To assess the importance of RBBP9 activity for cell proliferation, we stably expressed wild-type RBBP9 or the catalytically inactive RBBP9-S75A in human FG pancreatic carcinoma cells (Fig. S3 ). RBBP9 expression promoted cellular proliferation and importantly, its serine hydrolase activity was required for this role (Fig. 3B, Left) , supporting the notion that the cellular proliferative rate of pancreatic carcinoma cells is dependent on RBBP9 activity. Previous studies have implicated the RBBP9 protein in the regulation of TGF-β-driven antiproliferative signaling (8), yet its role in this process is not clearly understood. Moreover, the role of RBBP9 serine hydrolase activity in TGF-β signaling has not been investigated. Treatment of FG cells with TGF-β1 inhibited cellular proliferation and this antiproliferative effect was reversed by expression of RBBP9 (Fig. 3B, Right) . Significantly, RBBP9 serine hydrolase activity was required to counter the effects of TGF-β on cell proliferation, because expression of RBBP9-S75A did not overcome the antiproliferative effects of TGF-β1 (Fig. 3B, Right) . In fact, stable expression of RBBP9-S75A actually nullified the inhibitory effects of endogenous RBBP9 on TGF-β1 signaling, commensurate with a role as a dominant negative enzyme, with the result that cells expressing the inactive hydrolase were more sensitive to antiproliferative signaling from the cytokine (Fig. 3B, Right) . Thus, the enzymatic activity of RBBP9 activity is required to overcome the TGF-β-mediated antiproliferative response.
Although these findings suggested that RBBP9 activity was required to overcome TGF-β-derived antiproliferative signals, the molecular basis for this antagonistic function was unclear. In early studies on hepatocellular carcinoma cells, RBBP9 was identified as a nuclear protein that modulated cell cycle progression through its association with the retinoblastoma protein (8) . However, in our studies on pancreatic carcinoma cells, we found that RBBP9 is primarily restricted to the extranuclear subcompartment (Fig.  3C) . Thus, we investigated whether RBBP9 might counter TGF-β-driven antiproliferative signaling by impacting one or more of the key cytoplasmic signaling nodes in the TGF-β/Smad signaling pathway. TGF-β activation of its cognate receptors leads to recruitment and phosphorylation of the receptor (R)-Smads, Smad2 and Smad3. The R-Smads subsequently associate with the co-Smad, Smad4 and this tripartite complex translocates to the nucleus to modulate expression of TGF-β target genes (24) .
Treatment of FG cells with TGF-β1 promoted Smad2/3 phosphorylation within 10 min and this status was maintained for 1-2 h (Fig. S5) . Surprisingly, expression of RBBP9 diminished Smad2/3 phosphorylation in response to TGF-β1 stimulation (Fig. 3D) . RBBP9 has been proposed to regulate TGF-β signaling through its association with the retinoblastoma protein (8) , but a functional interaction between RBBP9 and the Smad proteins has not been previously described. Smad2/3 protein abundance remained unchanged, suggesting that RBBP9 regulation of Smad2/3 phosphorylation occurs at the posttranscriptional level (Fig. 3D) . Moreover, Smad7 levels were also unchanged, indicating that RBBP9 may attenuate Smad2/3 phosphorylation independent of the inhibitory Smad7 protein (Fig. 3D) . Importantly, RBBP9 serine hydrolase activity was required for the inhibition of TGF-β-dependent phosphorylation of the R-Smads, because RBBP9-S75A failed to attenuate Smad2/3 phosphorylation in response to TGF-β stimulation (Fig. 3D) . In fact, the catalytically inactive enzyme acted in a dominant negative capacity, because even untreated cells expressing RBBP9-S75A displayed elevated Smad2/3 phosphorylation (Fig.  3D) . This prompted the possibility that RBBP9 might actually function to maintain the Smad signaling pathway in the "off state." To evaluate this, we examined the levels of Smad2/3 phosphorylation in cells with a stable knockdown of RBBP9. Cells lacking RBBP9 also displayed elevated Smad2/3 phosphorylation in the absence of exogenous TGF-β stimulation, highlighting a previously undescribed function for RBBP9 as an inhibitor of basal or autocrine TGF-β signaling (Fig. 3D) . Combined, these data support a previously undescribed role for RBBP9 serine hyrolase activity in the suppression of Smad2/3 phosphorylation.
On the basis of the finding that RBBP9 attenuated Smad2/3 phosphorylation, we next examined the impact of elevated RBBP9 activity on TGF-β target gene expression. As expected, treatment with TGF-β promoted expression of the downstream target gene, PAI-1 and notably this effect was reversed by expression of the active, but not the inactive RBBP9 enzyme (Fig. 3E, Left) . Conversely and as expected, TGF-β suppressed expression of the downstream target gene, E-cadherin and again, this effect was overcome by expression of the active, but not the inactive RBBP9 enzyme (Fig. 3E, Right) . Epithelial cell-cell interactions are mediated by the adherens junction protein E-cadherin and importantly, the aggressiveness of a tumor inversely correlates with the level of cohesiveness between neoplastic ductal cells (25) . Because our findings support a role for RBBP9 in the regulation of E-cadherin gene expression, we next considered whether changes in RBBP9 activity might impact E-cadherin levels in pancreatic cancer. Expression of RBBP9 in FG cells resulted in elevated E-cadherin transcript and protein levels, even in the absence of exogenous TGF-β stimulation (Fig. 4 A and B) . In contrast, loss of RBBP9 serine hydrolase activity caused a significant reduction in both E-cadherin gene expression and protein abundance (Fig. 4 A and  B) . In fact, RBBP9 has a key role in the maintenance of E-cadherin levels and function because loss of the serine hydrolase activity led to a dissolution of E-cadherin-containing adherens junctions and changes in gross cellular morphology (Fig. 4C) . At the molecular level, RBBP9 activity was required for E-cadherin:β-catenin complex formation because genetic knockdown of RBBP9 or expression of the dominant negative inactive enzyme caused a breakdown of this protein complex (Fig. 4D) . Because RBBP9 activity contributes to both E-cadherin expression and the formation of adherens junctions, we next assessed RBBP9 and E-cadherin levels in patient biopsy material. RBBP9 staining was most prominent in tumor ducts with a higher degree of differentiation and notably, the RBBP9-positive ductal structures also exhibited strong E-cadherin staining, suggesting that RBBP9 may contribute to the epithelial phenotype of pancreatic tumor cells (Fig. 4E) . Finally, to investigate whether RBBP9 activity might also be relevant to other carcinomas, we performed ABPP coupled to MudPIT on tumor cell lines derived from various extrapancreatic malignancies. RBBP9 activity was detectable in a range of carcinoma cell lines (Table S1) suggesting that this tumor-associated serine hydrolase activity may have broad-ranging implications for epithelial neoplasia.
Discussion
Pancreatic cancer remains one of the most lethal malignancies with a median survival of 4-6 months from diagnosis (26, 27) . Despite advances in our understanding of the cancer proteome, functional characterization of tumor-associated enzymatic activities is essential if we are to elucidate the molecular basis of this deadly disease and identify bona fide therapeutic targets. Recently, a comprehensive analysis of the pancreatic cancer genome identified a number of new tumor-associated genetic lesions (28) . However, classical genomic and proteomic studies have yielded relatively few therapeutic targets in oncology because the expression level/mutational status does not necessarily reflect the activity of a given target. Here, we report an activity-based profiling study of primary human pancreatic adenocarcinoma specimens. Through this approach we identify RBBP9 as a tumor-associated serine hydrolase that displays elevated activity during neoplasia. That RBBP9 expression is equivalent in normal and malignant specimens indicates that simple analysis of the expression of this protein would not have predicted the relationship between RBBP9 activity and its capacity to influence the growth of pancreatic cancer. To this end, we demonstrated a previously unknown requirement for RBBP9 in anchorage-independent growth in vitro as well as in pancreatic tumorigenesis in an orthotopic mouse model of the disease in vivo. RBBP9 was originally identified more than a decade ago as an Rb-binding protein with no known enzymatic activity (8) , but our activity-based proteomics approach detected elevated RBBP9 serine hydrolase activity in tumors. The lack of detectable activity in nonneoplastic specimens may reflect differential posttranslational regulation of activity or may simply be due to a lack of sensitivity in the MS-based assay. To this end, a more traditional substrate-based enzymatic assay would be particularly instructive and efforts toward substrate identification are ongoing. The structure of RBBP9 was recently reported and this hydrolase is predicted to be a member of the DUF1234 superfamily, which includes acyltransferases, lipases, and thioesterases among others (23) . The closest known homolog of RBBP9 with structural information is the YdeN protein from Bacillus subtilis (26% sequence identity) (23) , but the substrate of this hydrolase also remains unknown (29) .
Identification of an RBBP9 substrate(s) will also provide valuable insight into the precise mechanism by which RBBP9 acts as a suppressor of Smad phosphorylation. The TGF-β signaling pathway is particularly relevant to pancreatic cancer because dysregulation of TGF-β signaling has been linked to disease progression (11) (12) (13) . Overexpression of the pleiotrophic TGF-β cytokine as well as its cognate receptor has been reported in pancreatic cancer, but loss of Smad4 (a downstream effector of TGF-β signaling) is the most common event in this pathway in patients with the disease (14) . This typically occurs through homozygous deletion of the encoding gene, Dpc4 or through intragenic mutations and loss of the second allele (14, 20) . The precise role of TGF-β signaling in pancreatic cancer remains to be defined but in preinvasive tumors, a functional TGF-β pathway constrains cellular proliferation through cell cycle control at the G1/S transition (24) . Our data support a previously undescribed role for a serine hydrolase activity in the disruption of antiproliferative TGF-β signaling during pancreatic neoplasia. Loss of Dpc4 typically occurs at a later stage in PDA progression and subsequently, the TGF-β pathway may actually promote the invasive phenotype of the advanced neoplasm through a Smad4-independent pathway. Because RBBP9 acts as a suppressor of Smad2/3 phosphorylation, elevated RBBP9 serine hydrolase activity may be most relevant to early stage tumors when Smad4-dependent signaling remains intact. Pancreatic cancer is characterized by the extensive desmoplastic response that occurs during disease progression (21) . Tumors are typically fibrous in nature and have an abundant underlying stroma with extensive collagen deposition and infiltrating fibroblasts (21). TGF-β signaling has been shown to play key roles in both the stromal and the epithelial (tumor) subcompartments in this disease (24) . In the present study, activity-based proteomics was performed on heterogeneous tumor biopsies, which included both tumor cells and the associated stroma. Whereas RBBP9 activity was detected in only 40% of the PDA specimens, this is likely to be an underestimate of the actual levels of tumor-associated activity because pancreatic tumors in man are characterized by >80% stroma (21) , and the expression of RBBP9 was greatly enriched in the neoplastic ductal epithelium. Thus, RBBP9-dependent regulation of TGF-β signaling in neoplasia may be most relevant to the tumor subcompartment. However, given the heterotypical interactions and cross-talk between tumor/stroma cells in a neoplastic lesion, potentially beneficial effects of RBBP9 inhibition may not be restricted to the ductal carcinoma cells.
In summary, we describe a multidimensional activity-based proteomic analysis of primary pancreatic cancer specimens and have used this approach to not only assign a previously undescribed enzymatic function to the Rb-binding protein, RBBP9 but also identify this hydrolase as a unique carcinoma-associated activity. RBBP9 activity was also detectable in carcinomas of the lung, breast, colon, and ovary, suggesting that this enzyme may impact a wide range of cancers. Significantly, RBBP9 activity contributes to anchorage-independent growth as well as tumorigenesis in vivo. We demonstrate that RBBP9 inhibits neoplastic TGF-β signaling through suppression of Smad2/3 phosphorylation, which in turn promotes proliferation as well as tumor cell cohesiveness, implicating this tumor-associated serine hydrolase as a key enzyme in malignant transformation.
Materials and Methods
ABPP-MudPIT Analysis of Human Pancreatic Tumor Specimens. Resected patient tumor specimens were accrued in accordance with all local institutional review board guidelines. Proteomes were extracted, fractionated, labeled with a fluorophosphonate probe specific for active serine hydrolases, and analyzed by ABPP coupled to MudPit as described previously (3, 6, 30) and in SI Text. Ms2 spectral data were searched as described in SI Text.
Anchorage-Independent Growth Assays and Orthotopic Pancreatic Carcinoma Model. Both the anchorage-independent growth assays and the orthotopic pancreatic carcinoma model were performed as described (31) . Intravital imaging was performed using an Olympus Ovi100 imaging station. Additional details are in SI Text.
Immunohistochemical and Immunofluorescence Analysis. Immunostaining was performed on 5-μm sections of primary tumors or human tissue arrays (U.S. Biomax) according to the manufacturer's recommendations (Vector Labs). Sections were stained with antibodies against E-cadherin (BD Biosciences), RBBP9 (Proteintech), Ki67 (AbCam) or analyzed for apoptosis with the ApopTag kit (Millipore) as described in SI Text.
Immunoprecipitation and Immunoblot Analysis. Immunoblots were performed using the antibodies RBBP9 (Novus), Erk2, Smad4, β-catenin (Santa Cruz Biotechnology), phospho-Smad2/3, Smad2 (Cell Signaling), Smad7 (Invitrogen), and E-cadherin (BD Biosciences). Immunoprecipitations were performed with E-cadherin antibody (BD Biosciences) as described in SI Text.
Statistical Analysis. Data presented are means ± SEM. We performed statistical analyses with Prism (GraphPad). Statistical differences for one factor between two groups or more than two groups were determined with a Student's t test or an analysis of variance (ANOVA) with a posthoc test, respectively. Statistical significance was defined as P < 0.05.
